94-01753 


AD-A275  042  lENTATION  PAGE 


Form  Approver! 
0MB  No.  0704-0188 


to  ovofo^o  1  nour  por  rMponto.  inoludino  tht  timo  lor  r0«(»win9  mtiructtont.  Morchmo  •ntuno  o«tt  $ourcM. 
Ad  rovidwtog  tho  cot^iOA  ol  mformaiion  Sdi>d  cowwoti  rt^ordmg  ihit  Ourdon  ostimoio  or  iny  othor  atpoct  o*  thit 
hit  burdon,  to  WathiAgtoh  Hoodquanort  Sorvteot.  Oiroctorttd  for  information  Oparationt  and  Ropont  121S  Jaffarton 
Oavit  Highway.  Suita  1204.  Artmgion.  VA  222Ui-4Ju^.  anoio  in#  QWica  Of  Managamant  and  iudgtt.  Paporumrfi  Roduqion  Profoct  <0704^1 88>.  Wathaigton.  DC  20S03 


1.  ACeNCY  USE  ONLY 2.  REPORT  DATE 

1993 


4  TITLE  AND  SUBTITLE 

(see  title  on  reprint) 


6.  AUTHOR(S) 

Carmichael  et  al. 


3.  REPORT  TYPE  AND  DATES  COVERED 

Reprint 


5.  FUNDING  NUMBERS 
PE:  NWED  QAXM 
WU:  — 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  AOORESS(ES) 

Armed  Forces  Radiobiology  Research  Institute 
8901  Wisconsin  Ave. 

Bethesda,  MD  20889-5603 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

SR93-26 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  AODRESS{ES) 

Uniformed  Services  University  of  the  Health  Sciences 
4301  Jones  Bridge  Road 
Bethesda,  MD  20814-4799 

11  SUPPLEMENTARY  NOTES 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


12a.  OISTRIBUTION/AVAILABIUTY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  unlimited. 


ABSTRACT  (Meximum  200  words) 


ELECTE 
JAN2 11394: 

B 


D 


15.  NUMBER  OF  PAGES 

9 


16.  PRICE  CODE 


17  SECURITY  CLASSIFICATION  1 8.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF 

OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT  ABSTRACT 

UNCLASSIFIED  UNCLASSIFIED 


NSN  79404)1 -280-5900 


94 


19  060 


Standard  Form  298  (Rav.  2 -89) 
PmeriMarANSISM  239  11 
2M-102 


Best 

Available 

Copy 


SECURITY  CLfcSSIFICATlOW  Of  THIS  PAGE 

I  CLASSIFIED  BY; 


DECLASSIFY  ON: 


ARMED  FORCES  RADIOBIOLOGY 
RESEARCH  INSTITUTE 

SCIENTIFIC  REPORT 

SR93-26 

tree  Had.  Res.  Comms.,  Vol.  19  Suppicmcni,  pp.  S20I-209  1993  Harwood  Academic  Hiiblishers  GmbH 

Reprints  available  directly  from  the  publisher  I’rinled  in  the  United  States  of  America 

Photocopying  permuted  by  license  only 


NITRIC  OXIDE  INTERACTION  WITH 
LACTOFERRIN  AND  ITS  PRODUCTION 
BY  MACROPHAGE  CELLS  STUDIED  BY 
EPR  AND  SPIN  TRAPPING 

ALASDAIR  J.  CARMICHAEL',  LINDA  STEEL-GOODWIN', 
BRIAN  GRAY',  and  CARMEN  M.  ARROYO" 

‘Radiation  Biophysics  and  ^Biochemistry  Departments,  Armed  Forces 

Radiobiology  Research  Institute,  Bethesda,  Maryland  20889-5603,  and 
‘Physiology  Branch,  Pathophysiology  Division,  Medical  Research  Institute 
of  Chemical  Defense,  Aberdeen  Proving  Ground,  Maryland  21010-5425 

The  production  of  niiraie  (NU^  )  and  niiriic  (NO,  )  from  macrophage-derived  NO  was  studied  using 
EPR  and  spin  trapping.  The  formation  of  NO,'  was  determined  via  EPR  in  reactions  involving  the 
iron-binding  protein,  iactoferrin.  The  formation  of  NO,'  was  determined  via  EPR/spin  trapping  In  the 
reaction  between  NO,"  and  H,0, .  Dissolved  nitric  oxide  (NO  )  was  reacted  with  Iactoferrin  yielding 
an  EPR  spectrum  (77®  K)  different  from  the  normal  EPR  spectrum  obtained  for  Iactoferrin.  suggesting 
that  NO  interacts  with  the  ferric  ions  bound  to  Iactoferrin  forming  a  lerric-nitrosyl  type  complex.  The 
EPR  spectrum  (77°  K)  of  this  ferric-nitrosyl  type  complex  was  also  observed  in  the  supernatant  fluid 
of  macrophage  cell  suspensions  following  their  stimulation  with  lipopolysaccharide  (LPS).  During  LPS 
stimulation  of  macrophages,  these  cells  generate  NO  which  in  turn  produces  NOj”  and  NO,'.  The 
ferric-nitrosyl  type  complex  is  formed  in  a  reaction  mixture  containing  apolactoferrin  and  bicarbonate 
following  the  reaction  of  Fe*''  with  NO,',  generated  from  macrophage-derived  NO  ,  to  produce  Fe* 
and  NO  ,  Furthermore,  in  an  acidic  medium.  N02'  reacts  with  HjOj  forming  peroxynitrous  acid 
(HOONO)  which  rapidly  decomposes  into  hydroxyl  radicals  (  OH)  and  the  nitrogen  dioxide  (NO2) 
radical.  In  the  supernatant  fluid  of  LPS-stimulated  macrophage  suspensions,  the  production  of  OH 
was  veriTied  by  spin  trapping  using  5,5-dimethyl- 1 -pyrroline- 1 -oxide  (DMPO)  as  the  spin  trap  and 
ethanol  as  the  OH  scavenger.  The  EPR  spectra  corresponding  to  the  DMPO-OH  and  the  DMPO- 
hydroxyethyl  adducts  were  identified.  These  results  suggest  that  the  peroxynitrous  acid  decomposes  via 
the  formation  of  OH  and  NO2  and  that  NO,”  was  formed  from  macrophage-derived  NO  . 

KEY  WORDS:  Nitric  oxide,  Lactoferrin,  Macrophage,  EPR,  Spin  Trapping. 


INTRODUCTION 

The  production  of  nitric  oxide  (NO  )  by  various  types  of  cells  and  its  importance 
in  biology  and  pharmacology  was  a  focus  in  recent  reviews.'  '  It  is  generally 
thought  that  the  biological  synthesis  of  NO  originates  from  the  N-terminal 
guanidino  group  of  L-arginine.'  Although  the  exact  role  of  NO  in  cells  remains 
uncertain,  several  properties  of  this  molecule  are  known.  First,  NO  relaxes 
vascular  smooth  muscles  in  a  fashion  similar  to  endothelial-derived  relaxing  factor 
(EDRF).  Therefore,  EDRF  and  NO’  are  thought  to  be  identical.*  However,  NO 
production  by  macrophages  appears  to  be  involved  in  cytotoxic  or  cytostatic 
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mechanisms  directed  toward  microorganisms  and  tumor  cells.'  These  mechanisms 
are  thought  to  be  mediated  through  interactions  of  NO  with  transition  metals. 
Electron  paramagnetic  resonance  (EPR)  studies  have  shown  that  NO  binds  iron 
avidily  forming  an  iron-nitrosyl  complex  in  the  iron-sulfur  centers  of  various 
enzymes.'’  However,  the  cytotoxic  selectivity  of  the  macrophage-derived  NO 
toward  cells  is  a  central  question  that  remains  unclear.  One  purpose  of  this  work 
is  to  determine  nitrate  (NO,  )  and  nitrite  (NO,  )  production  by  EPR  and  spin 
trapping  in  suspensions  ot  macrophages  producing  NO  .  It  is  also  the  purpose 
of  this  work  to  study,  using  EPR,  the  interaction  of  NO  with  lactoferrin. 
Laciofeirin,  is  a  bacteriosUtic  non-heme  protein  containing  two  sites  with  a  strong 
affinity  for  iron-(in).’  Lactoferrin  was  chosen  for  this  study  for  two  reasons: 

(i)  it  may  provide  a  simple  method  for  identifying  NO  production  in  cells;  and 

(ii)  several  properties  of  lactoferrin  suggest  that  this  protein  may  be  involved  in 

macrophage-derived  NO  actions.  For  instance,  peritoneal  macrophages  contain 
lactoferrin  specific  receptors  with  a  large  affinity  for  this  protein."  Furthermore, 
although  lactoferrin  is  commonly  found  in  most  external  .secretions  of  certain 
mammals,  it  is  also  present  in  neutrophils  which  arc  known  to  produce  NO  " 
Lactoferrin  is  found  at  increased  levels  in  these  cells  near  abscesses  and  in  inflamed 
tissues.'*  '■*  Macrophages  and  neutrophils  also  produce  '•.iperoxide  (07)  which  is 
known  to  rapidly  react  with  NO  and  thought  to  prouucc  the  peroxynitrite  anion 
(OONO  In  an  acidic  environment  the  peroxynitrous  acid  (HOONO)  is 

suspected  to  decompose  forming  hydroxyl  radicals  (  OH)  and  the  nitrogen  dioxide 
(NO;)  radical.'*  These  species  are  known  to  be  detrimental  to  cells.  Furthermore, 
OONO"  is  also  produced  in  the  reaction  of  HjO,  with  N07.  H;0;  and  NO,'  are, 
respectively,  the  product  of  O;  dismutation  and  a  by-product  of  macrophage- 
derived  NO  .  Although  it  has  been  reported  that  lactoferrin  increases  the  dismuta¬ 
tion  of  O;"",''’  subsequent  reports  suggest  that  this  may  not  be  the  case.*' 

The  presence  of  lactoferrin  at  inflammatory  sites  and  mucosal  surfaces  where  it 
may  interact  with  endothelial  cell  and  macrophage-derived  NO  ,  in  addition  to  the 
presence  of  lactoferrin  in  neutrophils,  its  affinity  for  macrophage  cells  and  its 
reaction  with  NO  ,  suggest  that  this  protein  may  be  involved  in  the  mechanism  of 
macrophage-derived  NO  selective  toxicity. 


MATERIALS  AND  METHODS 

NO  gas  was  purchased  from  Matheson  Gas  Products,  Inc.  (Fairfield,  NJ). 
Lipopolysaccharide  (LPS),  Cu,Zn-superoxide  dismutase  (SOD),  bovine  lactoferrin, 
L-arginine  and  dithizone  were  obtained  from  Sigma  (St.  Louis,  MO).  Ferrous 
sulfate,  ferric  ammonium  sulfate,  sodium  bicarbonate  and  hydrogen  peroxide 
were  purchased  from  Fisher  Scientific  Co.  (Fair  Lawn,  NJ).  The  concentration  of 
hydrogen  peroxide  was  determined  by  titration  with  potassium  permanganate.”" 
The  spin  trap  5,5-dimethyl- 1-pyrroline-l -oxide  (DMPO)  was  purchased  from 
Aldrich  (Milwaukee,  WI)  and  was  verified  to  be  free  of  radical  impurities  by  EPR. 
The  concentration  of  DMPO  was  measured  spectrophotometrically  (X  =  227  nm; 
c  =  8  X  10^  M''  cm  ').” 

Macrophage  cells  (P388D, )  were  obtained  from  American  Type  Culture  Collec¬ 
tion  (ATCC;  Rockville,  MD)  and  were  cultured  until  conHuency  (37°C)  in 
RPMI-1640  medium  (GIBCO;  Grand  Island,  NY).  The  medium  was  supplemented 
with  10*70  heat  inactivated  (56°C,  30  min)  fetal  calf  serum.  Cells  were  collected. 
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centrifuged  (lOOOrpm,  10  min)  and  then  resuspended  in  Hanks’  balanced  salt 
solution  containing  Ca’^'  and  Mg’^^ 

Iron  was  removed  from  the  lactoferrin  by  dialysis  against  citric  acid  (0.1  M)  and 
the  apolactoferrin  was  then  washed  against  several  changes  of  metal-free  water. 
The  concentration  of  apolactoferrin  was  determined  spectrophotometrically 
(X  =  280nm,  f=l.09x  10’ M"' cm  ')’'*'^’.  Metal-free  water  was  prepared  by 
further  treat  ng,  in  a  separatory  funnel,  water  obtained  from  a  Sybron/Barnstead 
NANO-pure  system  with  a  solution  of  dithizone  (0.001  %)  in  carbon  tetrachloride 
until  the  green  color  persists.  HEPES  buffer  was  prepared  in  the  same  manner. 
Following  the  dithizone  treatment  the  water  and  buffer  were  brought  to  boiling 
temperature  in  a  water  bath  to  eliminate  residual  carbon  tetrachloride.  To  eliminate 
trace  metals,  all  glassware  was  kept  permanently  soaking  in  a  1:1  mixture  of  concen¬ 
trated  nitric  and  sulfuric  acids  prior  to  use. 

Control  experiments  were  done  by  adding  ferric  ammonium  sulfate  (2:1  mole 
ratio)  to  apolactoferrin  (lOO^M)  in  HEPES  buffer  (5  mM.  pH  7.8)  containing  an 
excess  carbonate.  This  anion  is  required  for  iron  binding  to  lactoferrin.  For  the 
interaction  of  NO  with  lactoferrin,  NO  gas  was  first  dissolved  by  bubbling 
(I  min)  through  2  ml  of  deaerated  water  (nitrogen  bubbling,  I  hr).  An  aliquot  of 
this  NO  solution  was  then  added  to  a  solution  of  lactoferrin  (lOO/iM)  which  was 
previously  prepared  in  deaerated  HEPES  buffer  (or  cell  suspension  media)  and  then 
stirred  under  a  constant  stream  of  nitrogen  for  several  hours.  The  EPR  spectra  for 
the  lactoferrin  and  the  lactoferrin/NO  mixture  were  recorded  at  11°  K. 

Macrophage  cells  (1  x  10’  cells/ml)  were  first  incubated  (5  min,  37°C)  with 
L-arginine  (500 /xM),  then  100  Units/ml  SOD  was  added  prior  to  stimulation  with 
20>ig/ml  LPS  (10  min,  37®C).  The  cells  were  centrifuged  and  the  supernatant  fluid 
was  made  strongly  acidic  with  sulfuric  acid.  Ferrous  sulfate  (lOO^M)  was  added  to 
the  solution  and  allowed  to  mix  for  1-2  min.  The  pH  of  the  solution  was  rapidly 
increased  to  approximately  pH  8  and  sodium  bicarbonate  (200  ^M)  was  added 
immediately  prior  to  addition  of  apolactoferrin  (50  ^M).  Following  addition  of 
the  apolactoferrin,  an  aliquot  was  immediately  transferred  to  a  quartz  EPR  tube 
(1  mm,  ID)  and  frozen  in  liquid  nitrogen  (77°  K). 

For  the  spin  trapping  experiments  the  macrophage  cells  were  stimulated  and 
centrifuged  as  described  above.  DMPO  (0.2  M,  final  concentration)  and  H.O, 
(1  X  10"^  M,  final  concentration)  were  added  to  the  supernatant  fluid.  The  reac¬ 
tion  mixture  was  acidified  (pH  3-3.5)  with  an  aliquot  of  HCI  (1  N),  rapidly  trans¬ 
ferred  to  an  EPR  quartz  flat  cell  (60  x  10  x  0.25  mm)  and  the  EPR  spectrum  was 
immediately  recorded.  In  the  experiments  requiring  the  OH  scavenger,  ethanol 
(1.7  M,  final  concentration)  was  added  to  the  supernatant  fluid  containing  DMPO 
and  H2O2  prior  to  acidification. 

All  EPR  spectra  were  recorded  on  a  Varian  E-109  X-band  spectrometer  at 
100  KHz  magnetic  field  modulation.  The  magnetic  field  was  set  at:  370.0 mT 
(lactoferrin)  and  338.0  mT  (spin  trapping);  microwave  frequency:  9.057  GHz 
(lactoferrin)  and  9.5 10  GHz  (spin  trapping);  microwave  power:  50  mW  (lactoferrin) 
and  20  mW  (spin  trapping);  modulation  amplitude:  1.0  mT  (lactoferrin)  and  0.2  mT 
(spin  trapping);  scan  range:  200.0  mT  (lactoferrin)  and  10.0  mT  (spin  trapping); 
time  constant:  I  s  (lactoferrin)  and  0.5  s  (spin  trapping);  scan  time:  16  min  (lacto¬ 
ferrin)  and  4  min  (spin  trapping).  Hyperfine  coupling  constants  were  obtained  by 
computer  simulation  generating  theoretical  EPR  spectra  matching  the  experimental 
spectra  including  intensity  and  line  widths.  This  allows  accurate  computer  manipula¬ 
tion  of  the  experimental  results. 
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FIGURE  1  EPR  spectra  of  lactoferrin  recorded  at  77°  K.  (A)  Lactoferrin  (5  mM  HEPES,  pH  7.8); 
(B)  Lactoferrin/NO  mixture  (5  mM  HEPES.  pH  7.8);  (C)  Lactoferrin  in  supernatant  fluid  after  activa¬ 
tion  of  macrophages  (pH  7.9).  Receiver  gain:  1.25  x  lo'  for  A;  5  x  10'*  for  B;  and  8  x  10'*  for  C. 


RESULTS  AND  DISCUSSION 

Addition  of  a  2:1  mole  ratio  of  ferric  ammonium  sulfate  to  a  solution  of  apolacto- 
ferrin  (lOO^M)  at  pH  7.8  (SmM  HEPES)  containing  excess  carbonate,  yields  at 
77®  K  the  EPR  spectrum  shown  in  Figure  1  A.  This  spectrum,  showing  a  component 
at  g'  =  4.3  characteristic  of  high  spin  Fe(III)  in  a  rhombic  environment,  is  the 
typical  EPR  spectrum  observed  for  lactoferrin.'  When  an  aliquot  of  dissolved  NO 
in  deaerated  water  is  added  to  a  deaerated  solution  of  lactoferrin  (100  /xM)  at  pH  7.8 
(SmM  HEPES),  the  EPR  spectrum  in  Figure  lA  undergoes  significant  changes 
indicating  that  the  iron  centers  in  lactoferrin  have  in  some  manner  been  altered. 
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Although  due  to  the  broad  nature  of  the  EPR  lines  and  the  lack  of  superhyperfine 
structure,  which  would  allow  a  conclusive  structural  identification  of  the  iron 
centers,  this  result  (Figure  IB)  suggests  the  interaction  of  NO  with  the  iron  bound 
to  lactoferrin  possibly  forming  an  iron-nitrosyl  type  complex. 

Oxygen  in  macrophages  converts  NO  generated  by  these  cells  following  stimu¬ 
lation  to  NO^  and  NOf .  Therefore,  any  NO;  present  or  formed  in  macrophage 
suspensions  following  LPS  stimulation  can  be  assumed  to  result  from  NO  pro¬ 
duction.  Ferrous  ions  in  acidic  solution  convert  NOf  to  NO  by  the  following 
reaction  (Eqn.  (1)];”*’ 

NO,'  -E  Fe^^  -F  4H^— *NO  +  3Fe*'  -I-  2//,0  (1) 

Therefore,  supernatants  from  stimulated  macrophage  suspensions  made  acidic 
with  HjSO^  should  produce  Fe*^^  and  NO  upon  addition  of  ferrous  ions. 
Apolactoferrin  has  no  affinity  for  ferrous  ions  and  in  the  presence  of  a  synergistic 
anion  (eg.  carbonate)  only  binds  ferric  ions.  Thus,  addition  of  bicarbonate  and 
apolactoferrin  lo  the  supernatant  lluid  after  an  increase  in  pH  to  approximately 
pH  8  should  result  in  the  binding  of  ferric  ions,  in  addition  to.  the  NO  interaction 
with  the  ferric-lactoferrin  complex.  The  results  obtained  after  stimulation  of 
macrophage  cells  in  the  presence  of  L-arginine  (500  ^M)  with  LPS  (20;tM/ml) 
are  shown  in  Figure  1C.  This  figure  consists  of  the  EPR  spectrum  (77°  K)  obtained 
after  the  addition  of  ferrous  sulfate  (100 /iM)  to  the  acidified  supernatant  lluid. 
followed  by  the  addition  of  bicarbonate  (200 /iM)  and  apolactoferrin  (50 /iM) 
at  approximately  pH  8.  The  EPR  spectrum  in  Figure  1C  is  identical  to  the  EPR 
spectrum  in  Figure  IB  originating  from  the  reaction  between  NO  and  the  ferri- 
lactoferrin  complex.  This  result  strongly  suggests  that  NO  was  generated  by  the 
macrophage  cells  during  their  stimulation  with  LPS.  It  must  be  noted  that  if  only 
L-arginine  is  added  to  the  macrophage  suspension,  the  EPR  spectrum  in  Figure  1C 
is  also  observed.  However,  this  EPR  spectrum  is  approximately  50%  less  intense 
than  the  spectrum  obtained  from  the  suspensions  of  stimulated  macrophages  and 
is  possibly  due  to  the  natural  production  of  NO  by  these  cells. 

Spin  trapping  was  employed  in  order  to  verify  the  presence  of  NO,'  originating 
from  macrophage-derived  NO  after  stimulation  of  these  cells  with  LPS.  It  is  known 
that  H,0,  reacts  with  NOf  according  to  the  following  equation  [Eqn.  (2)]:"’ 

NO,  +  HjOj— ►OONO  +  H,0-^  OH -I- NO,  (2) 

The  results  in  Figure  2  show  the  EPR  spectra  obtained  after  adding  DMPO 
(0.2  M)  and  H^Oj  (1  x  IC'^M)  to  the  supernatant  fluid  from  stimulated  cells 
made  acidic  (pH  3-3.5)  with  HCI.  The  EPR  spectrum  in  Figure  2A  is  the  control 
in  which  the  cell  suspension  medium  containing  DMPO  and  H,0,  was  acidified. 
This  EPR  spectrum  shows  the  formation  of  a  residual  amount  of  DMPO-OH. 
However,  when  the  DMPO  and  HjOj  are  added  to  the  supernatant  fluid  from 
macrophage  cells  which  were  not  stimulated  with  LPS,  a  well  defined  EPR  spectrum 
is  observed  consisting  of  a  1:2:2: 1  quartet  characteristic  of  the  DMPO-OH  spin 
adduct  (Figure  2B).  The  intensity  of  this  EPR  spectrum  is  increased  significantly 
(Figure  2C)  when  the  macrophage  cells  are  stimulated  prior  to  centrifugation  and 
addition  of  DMPO,  H.Oj  and  acid.  Figure  2D  is  the  computer  simulation 
obtained  using  hyperfine  coupling  constants.  aN  =  =  l.49mT,  confirming  the 

EPR  spectra  in  Figure  2  correspond  to  the  DMPO-OH  adduct.  In  addition,  the 
computer  generated  EPR  spectrum  in  Figure  2D  was  obtained  by  subtracting 
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FIGURE  2  DMPO-OH  spin  adduct  EPR  spectra  obtained  at  pH  3-3.5  in  the  supernatant  fluid  of 
macrophage  cell  suspensions  after  addition  of  H^O^.  (A)  Control,  no  cells;  (B)  Non-stimulated 
macrophage  cells;  (C)  LPS-slimulated  macrophage  cells;  (D)  Computer  generated  difference  between  (B) 
and  (C).  Receiver  gain;  1.25  x  10^. 


the  computer  generated  EPR  spectrum  that  exactly  matches  (intensity  and 
linewidths)  the  EPR  spectrum  in  Figure  2B  from  the  computer  generated  spectrum 
that  exactly  matches  the  EPR  spectrum  in  Figure  2C.  Therefore,  Figure  2D 
represents  the  DMPO-OH  adduct  formed  possibly  from  OH  produced  in  reaction 
2  following  LPS  stimulation  of  macrophages. 

In  order  to  verify  that  the  DMPO-OH  adduct  formed  (Figures  2C  and  2D) 
originates  from  OH  radicals  generated  via  decomposition  of  peroxynitrous  acid 
(Eqn.  2),  a  similar  experiment  was  done  in  the  presence  of  ethanol.  The  results 
obtained  in  this  experiment  are  shown  in  Figure  3.  Figure  3A  is  the  EPR  spectrum 
obtained  when  H,02  (1  x  10'*  M,  final  concentration)  is  added  to  the  supernatant 
fluid  from  LPS-stimulated  macrophages  containing  DMPO  (0.2  M),  excess  of 
ethanol  (1.7  M)  and  acidification.  This  spectrum  is  composed  mainly  of  the  super¬ 
imposition  of  two  spin  adducts.  One  spin  adduct  yields  an  EPR  spectrum  consisting 
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FIGURE  3  DMPO-OH  and  DMPO-hydroxyeihyl  adducts  obtained  at  pH  3-3.5  alter  addition 
of  HjOj  to  the  supernatant  fluid  of  LPS-stimulated  macrophages  containing  ethanol  (1.7  M). 
(A)  Experimental  EPR  spectrum;  (B)  EPR  computer  simulation  of  the  DMPO-hydroxyethyl  adduct; 
(C)  Computer  generated  difference  between  DMPO-OH  EPR  spectrum  in  (A)  and  in  Figure  2B.  Reciever 
gain;  1.25  x  10^ 


of  a  triplet  of  doublets.  The  second  spin  adduct  EPR  spectrum  consist  of  a  1:2:2: 1 
with  hyperfine  coupling  constants  aN  =  aH=1.49mT  corresponding  to  the 
DMPO-OH  adduct.  The  triplet  of  doublets  can  be  computer  simulated  (Figure  3B) 
using  hyperfine  coupling  constants,  aN  =  l.58mT  and  aH  =  2.28mT.  These 
parameters  are  consistent  with  hyperfine  coupling  constants  for  the  DMPO- 
hydroxyethyl  adduct  obtained  following  the  reaction  between  OH  and  ethanol.*'’ 
The  EPR  spectrum  corresponding  to  the  DMPO-hydroxyethyl  adduct  (Figure  3B) 
was  computer  generated  to  exactly  match  the  experimentally  obtained  DMPO- 
hydroxyethyl  adduct  (Figure  3A)  in  peak  heights  and  linewidths.  Figure  3C  is  the 
EPR  spectrum  obtained  corresponding  to  the  residual  DMPO-OH  spin  adduct 
remaining  after  subtracting  the  computer  generated  EPR  spectra  that  exactly  match, 
in  peak  heights  and  linewidths,  the  DMPO-OH  EPR  spectra  obtained  experi¬ 
mentally  and  shown  in  Figures  2B  and  3A.  Since  the  DMPO-OH  EPR  spectrum 
in  Figure  2B  was  obtained  in  an  experiment  using  non-stimulated  macrophage  cells, 
in  addition  to,  the  difference  between  this  EPR  spectrum  and  the  DMPO-OH  EPR 
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spectrum  in  Figure  3A  consisting  only  ot  a  residual  quantity  of  DMPO-OH,  suggests 
that  the  DMPO-OH  formed  in  the  experiments  using  non-stimulated  macrophage 
cells  does  not  originate  from  OH  addition  to  DMPO.  Furthermore,  the  DMPO- 
OH  EPR  spectrum  in  Figure  3C  is  approximately  three  times  less  intense  than 
the  DMPO-OH  EPR  spectrum  in  Figure  2D.  This  suggests  that  the  DMPO- 
hydroxyethyl  adduct  was  formed  at  the  expense  of  the  additional  DMPO-OH  spin 
adduct  obtained  following  macrophage  stimulation  (Figure  2D)  and  adding  H.O, 
to  the  supernatant  fluid.  The  origin  of  the  residual  DMPO-OH  adduct  formed 
(Figure  30  is  unclear.  It  could  possibly  be  formed  by  oxidation  mechanisms 
involving  NO,  produced  following  the  reaction  betweeen  NOf  and  H,0_, .  Spin 
trapping  studies  involving  the  reaction  between  H,0,  and  NO,"  forming  the 
peroxynitrous  acid  and  confirming  its  subsequent  decomposition  to  OH  and  NO, 
are  described  in  another  report  (ib/d.).”  In  these  studies  it  was  shown  that  the 
reaction  between  H,0,  and  NO,  produced  the  DMPO-OH  adduct  and  another 
less  intense  DMPO  adduct  yielding  an  EPR  spectrum  consisting  of  a  triplet  of 
triplets  (a^^  =  1.415mT.  a^,  =  0.35  inT),  suggesting  the  addition  of  a  nitrogen 
center  to  DMPO.  Although  weak,  the  EPR  lines  of  a  similar  triplet  of  triplets 
is  observed  between  the  DMPO-hydroxyethyl  and  DMPO-OH  EPR  signals  in 
Figure  3A.  This  additional  evidence  supports  the  formation  of  NO,  from 
macrophage-derived  NO  during  LPS-stimulation  of  these  cells. 

The  reaction  [Eqn.(2)|  between  H,0,  and  NO,  is  important  because  it  verifies 
the  production  of  NO,  from  macrophage-derived  NO  .  It  is  also  important 
because  H,0,  and  NO,"  are.  respectively,  the  dismutation  product  of  O,  and  a 
by-product  of  NO  decomposition  in  cells.  Therefore,  in  cell  systems  such  as 
endothelial  cells,  neutrophils  and  macrophages  that  are  known  to  produce  O,'  and 
NO  ,  the  reaction  between  H,0,  and  NO,"  could  occur  generating  the  same  pro¬ 
duct  as  the  product  generated  in  the  reaction  between  O,'  and  NO  .  This  may  be, 
in  part,  a  possible  explanation  as  to  why  antioxidant  compounds  or  SOD  mimics 
that  effectively  react  with  O,  in  aqueous  systems,  do  not  completely  eliminate  or 
prevent  damage  to  cells,  tissues  or  organs  during,  or  immediately  after,  certain 
dysfunctions  in  which  O,  is  known  to  be  implicated. 
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